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Isomeric studies in neutron-rich nuclei present a powerful tool to explore the structure at the
nuclear extremes. We recently used the shell model calculations with Renormalized Charge Depen-
dent Bonn (RCDB) effective interaction to calculate the properties of the 6+ seniority isomers in
134−138Sn in an attempt to resolve the anomalous B(E2) behavior of the 6+ isomer in 136Sn [Phys.
Rev. C 91, 024321 (2015)]. We further explore these isomers by using the generalized seniority
scheme for multi-j orbitals recently presented by us [Phys. Lett. B 753, 122 (2016)]; the B(E2)
values so calculated reproduce the experimental data quite well, including the anomaly at 136Sn
confirming the generalized seniority nature of the 6+ isomers. We then use the generalized seniority
guided Large Scale Shell Model (LSSM) calculations, along with the latest single particle energies
from Jones et al . [Nature (London) 465, 454 (2010)] and Allmond et al . [Phys. Rev. Lett. 112,
172701 (2014)] to estimate more accurate location of i13/2 neutron orbital in the extreme neutron
rich N = 82 − 126 region. This entails a new sub-shell closure at N = 112 due to the higher loca-
tion of i13/2 neutron orbital, also consistent with the choice of orbitals in the generalized seniority
scheme. However, a small reduction in the f7/2 two-body matrix elements is still required in the
LSSM calculations to reproduce the experimental level energies as well as the transition probabilities
in 134−138Sn isotopes in a consistent way.
PACS numbers: 23.35.+g, 21.60.Cs, 23.20.Js, 27.60.+j
I. INTRODUCTION
Recent advancements in the experimental techniques
have opened up new horizons in nuclear isomer stud-
ies near the nuclear limits, which obviously need a good
theory to complement. Our recent atlas of nuclear iso-
mers [1] presents about 2450 isomers across the chart of
nuclides with several types of isomers and a rich variety
of systematics. Nuclear isomers near the drip-lines have
the potential to become a great tool to understand the
detailed nuclear structural properties and the effective
interactions in the region far from stability. One of the
well known categories of the nuclear isomers is the senior-
ity isomers, particularly near the magic configurations.
The semi-magic Sn-isotopes have occupied a center stage
because of the presence of the longest known chain of
isotopes in the nuclear landscape extending from doubly
magic 100Sn near the proton drip line to the doubly-magic
132Sn near the neutron drip line and beyond.
The Sn-isotopic chain has now been extended beyond
132Sn in several remarkable experiments [2–5]. More
specifically, Simpson et al . [5] recently presented mea-
surements of 136−138Sn isotopes and brought out the
anomalous behavior of 136Sn; they observed that the
measured B(E2) value for the decay of 6+ isomer in 136Sn
is quite large as compared to the calculated values, both
from the seniority as well as shell model calculations.
They sought to resolve this anomalous behavior by reduc-
ing the diagonal and non-diagonal f7/2 matrix elements
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by about 150 keV. The resulting seniority mixing is then
able to take care of the anomaly.
We have also investigated [6] this anomaly by using the
RCDB effective interaction (also known as CWG inter-
action) in the shell model [7]. We were, however, able to
explain the anomaly seen at 136Sn in terms of seniority
mixing by reducing the diagonal and non-diagonal two-
body matrix elements (TBME) of νf2
7/2 just by 25 keV
in the RCDB interaction [6]. It, however, confirmed that
the TBME needs a reduction as pointed out by Simpson
et al . [5].
In the present paper, we aim to study the 6+ isomers
in 134−138Sn isotopes by using the generalized seniority
scheme in a simple microscopic formalism recently pre-
sented by us [8]. We find that the generalized senior-
ity calculations for multi-j degenerate orbitals presented
in this paper are able to reproduce the experimental
B(E2)s as well as the said anomaly at 136Sn in a nat-
ural way. We also calculate the B(E2) values for the first
excited 2+ states and use the single measured value of
B(E2; 2+ → 0+) in 134Sn to predict the B(E2; 2+ → 0+)
values in 136,138Sn, where no experimental data exist. We
conclude that the n-rich 6+ Sn-isomers follow generalized
seniority.
We also study these n-rich Sn-isomers within the shell
model to check and validate the possible magic num-
bers, the realistic effective interactions and single par-
ticle states in the neutron-rich N = 82 − 126 region.
Recent measurements on the single particle states us-
ing the inverse kinematics by Jones et al . [9] and All-
mond et al . [10] give us reasonable information of the
N = 82−126 valence space which consists of 2f7/2, 3p3/2,
3p1/2, 1h9/2, 2f5/2, and 1i13/2 orbitals by spectroscopic
2studies of 133Sn; the single-particle energies for 2f7/2,
3p3/2, 3p1/2 and 2f5/2 orbitals have been determined.
The location of 1h9/2 has been tentatively assigned in
these studies, while the placement of 1i13/2 remained
rather ambiguous. It may be noted that the earlier work
on the single particle energies (SPE) of these orbitals
in a decay study of fission fragments is due to Hoff et
al . [11]. These SPE provide the input to the calculations
for the neighboring nuclei, which are still inaccessible in
experiments. In the present paper, we employ the LSSM
calculations guided by the generalized seniority results
to understand the 6+ isomers in n-rich nuclei. We try to
validate the known single particle states and their ener-
gies, and also estimate the location of i13/2 orbital. Our
attempt is to reproduce the energy levels as well as the
transition probabilities in a consistent way. While we are
able to reproduce both the data quite well, we need to
reduce the TBME of νf2
7/2 by 25 keV along with a shift
in the location of the i13/2 orbital. This points towards
the need for a pairing reduction in the n-rich nuclei be-
yond 132Sn, the doubly magic core, with an indication of
a neutron-subshell gap at 112.
The present paper is divided into four sections. Sec-
tion II briefly reports the theoretical framework involved
in the generalized seniority calculations and LSSM cal-
culations. We present the generalized seniority results in
section III, where we compare them with the seniority
guided LSSM calculations. We find the isomeric states
in the n-rich nuclei may become a good handle to investi-
gate the single particle energy (SPE) in the n-rich region.
Section IV summarizes the present work.
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FIG. 1: (Color online) Single particle energies of the orbitals
in N = 82− 126 valence space, from Allmond et al . [10] and
the modified scheme used by us.
II. THEORETICAL FRAMEWORK
A. Generalized Seniority with many degenerate
orbitals
We have recently shown [8] that the electric transition
probabilities, for both even and odd L, behave similar
to each other in multi-j environment and the generalized
seniority scheme for degenerate orbitals. The B(E2) be-
tween Ji and Jf states, hence, follow the relations similar
to single-j case, simply by defining a mixed configuration
as j˜ = j ⊗ j′.... along with the corresponding total pair
degeneracy Ω = 1
2
(2j˜ + 1) = 1
2
∑
j
(2j + 1) as
B(E2) =
1
2Ji + 1
|〈j˜nvlJf ||
∑
i
r2i Y
2(θi, φi)||j˜
nv′l′Ji〉|
2(1)
This implies that the B(E2) values show a parabolic
behavior in the multi-j case, similar to the single-j case,
depending upon the seniority of the states involved in the
transition [8, 12]. The seniority reduction formula for the
reduced matrix elements with seniority conserving ∆v =
0 and seniority changing ∆v = 2 transitions between the
initial and final states, can be written as follows [8]
〈j˜nvlJf ||
∑
i
r2i Y
2||j˜nvl′Ji〉 =
[
Ω− n
Ω− v
]
〈j˜vvlJf
||
∑
i
r2i Y
2||j˜vvl′Ji〉 (2)
〈j˜nvlJf ||
∑
i
r2i Y
2||j˜nv ± 2l′Ji〉 =
[√
(n− v + 2)(2Ω + 2− n− v)
4(Ω + 1− v)
]
〈j˜vvlJf ||
∑
i
r2i Y
2||j˜vv ± 2l′Ji〉 (3)
We use this formula in the following to calculate the
B(E2)s, by allowing the mixing of all the orbitals except
i13/2. We find that the mixing of these orbitals is essential
to understand the properties of the 6+ isomers as well
as rest of the experimentally known yrast states in the
n-rich Sn-isotopes, which were previously sought to be
understood in terms of the f7/2 orbital only.
B. LSSM calculations
We also present the generalized seniority guided LSSM
calculations for 134−138Sn isotopes, by using the latest
SPE measurements of Jones et al . [9], and Allmond et
al . [10], which report the SPE for the orbitals in the
82 − 126 neutron valence space. These valence orbitals
are 2f7/2, 3p3/2, 3p1/2, 1h9/2, 2f5/2, and 1i13/2, where
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FIG. 2: (Color online) Level energies and B(E2) values of the yrast 0+ to 6+ states in 134−138Sn isotopes by using RCDBN,
RCDBN1, RCDBN2 and RCDBN3 interactions in LSSM calculations (first to forth panel from the left), in comparison with
the experimental data (last panel). Experimental data are taken from [2–5]. B(E2) values, in units of e2fm4, are listed in
italics along the transitions.
the location of i13/2 remains quite uncertain. We have
used Nushell code [13] along with the new RCDB inter-
action [7] for LSSM calculations, which we have named
as RCDBN, wherein all the single particle energies as
quoted by Allmond et al . [10] have been used to calcu-
late the B(E2)s in the n-rich Sn-isotopes. The TBMEs of
the interaction have not been changed. This interaction
assumes the doubly-magic 132Sn as an inert core. The
harmonic oscillator potential has been chosen with the
parameter ~ω = 45A−1/3 − 25A−2/3. The SPE for these
neutron orbitals are shown in the left panel of Fig. 1. We
have used the effective neutron charge as 0.65, same as
used in the previous paper [6]. The calculated results re-
produce the measured data for 134Sn quite well, but not
for the other two 136,138Sn isotopes, due to the anomaly
discussed earlier [5, 6].
III. RESULTS AND DISCUSSION
In our previous paper [6], we used the prescription of
Simpson et al . [5], and were able to explain the anomaly
at 136Sn by reducing the diagonal and non-diagonal νf2
7/2
TBME by 25 keV. In the present work, we also focus on
the location of i13/2, and carry out the LSSM calcula-
tions by shifting its position to 1.2 MeV (original value
0.39 MeV), now named as RCDBN1 (see Fig. 1 for the
modified scheme). We find that the calculated results
from RCDBN1 still need an improvement to explain the
experimental data. In the second calculation, we reduce
the diagonal and non-diagonal two-body matrix elements
(TBME) of νf2
7/2 configuration by 25 keV while keeping
the i13/2 orbital unchanged at 0.39 MeV (RCDBN2) with
significant improvement in the results. However, the level
energies still need an improvement. In the third calcu-
lation, we shift the position of i13/2 orbital to 1.2 MeV
and also reduce the TBME by 25 keV (RCDBN3). We
find that the calculations by using the modified interac-
tion RCDBN3 reproduce the level energies as well as the
B(E2) values in a consistent way. We may note that a
large number of calculations were done to check the best
location of the i13/2 orbital. We find that placing it below
as well as above 1.2 MeV deteriorates the results.
We have plotted the calculated level energies for the
yrast 0+ to 6+ states of 134−138Sn isotopes in Fig. 2. The
graph has been divided into five different panels, where
the first panel presents the results from the RCDBN
interaction. The next three panels present the results
from the modified interactions, RCDBN1, RCDBN2 and
RCDBN3, respectively, and the last panel exhibits the ex-
perimental data for comparison. The figure also lists the
measured and calculated B(E2) values in units of e2fm4
for all the transitions in italics (blue color online).
To sum up, the RCDBN interaction is unable to re-
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FIG. 3: (Color online) B(E2) variation of the 6+ isomeric
states in 134−138Sn isotopes using the generalized seniority,
LSSM calculations (RCDBN3) and seniority, respectively, in
comparison with the known experimental data [2–5].
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FIG. 4: (Color online) Predictions for B(E2) values of the
6+ Sn-isomeric states using the generalized seniority up to
A = 148.
produce the measured B(E2) values for the 6+ isomers,
particularly in 136,138Sn, and leads to the same anomaly
as discussed earlier [5, 6]. As we modify the interaction
by shifting the SPE for the i13/2 orbital in the modi-
fied interaction RCDBN1, we find that the calculated
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FIG. 5: Same as Fig. 3, but for the first excited 2+ states in
134−138Sn isotopes.
values come closer to the measured ones. The calcula-
tions having unchanged location of i13/2 orbital, but with
the reduced TBME denoted as RCDBN2, also improve
the transition probabilities but level energies are overes-
timated. Therefore, we move to the combination of both
the possibilities, and get the best fit with a shift in the
position of i13/2 orbital and a 25 keV reduction of TBME
as defined in the RCDBN3 interaction. The calculated
values with this third modified interaction reproduce the
measured values, both the level energies and the tran-
sition probabilities, quite well. The level energies from
RCDBN3 show the best fit to the measured data for the
yrast 0+ to 6+ states in all the three even-even isotopes.
Note that the i13/2 orbital is shifted to 1.2 MeV and the
f7/2 TBME are also reduced by 25 keV in the RCDBN3
interaction. This strongly suggests that the location of
i13/2 orbital needs to be shifted in a significant way to
get the best fit of both the level energies and transition
probabilities. This results in a sub-shell gap at N = 112,
though a TBME reduction is still required in realistic
effective interaction for the n-rich region beyond 132Sn.
We then plot the generalized seniority results for the
B(E2) values along with the experimental data for the
6+ isomeric states in Fig. 3, where one can see that these
calculations reproduce the measured data quite well for
all the three isotopes. Note that these calculations have
been done by using all the orbitals in the N = 82 − 126
valence space except i13/2. The pair degeneracy Ω value
is calculated as 15 for this case. The B(E2) values have
been calculated by fitting the measured value of 134Sn.
We find that the generalized seniority results remove
the anomaly at 136Sn in a quite natural way, whereas
5pure seniority result (using f7/2 only) falls quite far from
the experimental data. We also present the LSSM re-
sults from RCDBN3 interaction in Fig. 3 for comparison,
which are in line with the generalized seniority results.
Both the approaches reproduce the experimental data
quite well, for the 6+ isomers in these nuclei. In Fig. 4,
we present the predictions of B(E2) values for 6+ isomers
up to A = 148. We can see that the B(E2) values will
continue to decrease with mass number; however, we do
not expect all the isotopes to be within reach of experi-
ments as the n-drip line is only tentatively known.
We also present the B(E2; 2+ → 0+) values in Fig. 5,
both from the generalized seniority and the LSSM calcu-
lations. We find that results from both the approaches
follow each other. Note that only one measured value is
available for B(E2; 2+ → 0+) at 134Sn, while no measure-
ments are available for the B(E2; 4+ → 2+) values. This
strongly suggests the need of measurements for these val-
ues, which may be able to settle this point further.
We, therefore, confirm the location of the i13/2 neu-
tron orbital to be about 1.2 MeV. This strongly suggests
that the i13/2 orbital is far from the other five orbitals
of this valence space, and leads to a sub-shell gap within
the valence space. This also points towards lesser mixing
of i13/2 orbital with other orbitals in this valence space
supporting the choice of orbitals in generalized senior-
ity. Hence, we may conclude that the observed anomaly
in B(E2) value at 136Sn may be understood simply by
following the generalized seniority scheme. No core ex-
citations are needed for this, which further confirms the
rigidity of N = 82 shell closure [6]. Also, N = 90 may
not be the next sub-shell closure (obtained by filling of
f7/2 only), though we do find a gap at N = 112 between
the i13/2 orbital and rest of the orbitals in this valence
space [14].
IV. CONCLUSIONS
To conclude, we have used the generalized seniority
scheme to study the 6+ isomers in 134−138Sn isotopes.
It reproduces the experimental trend quite well and ex-
plains the B(E2) anomaly of these isomers in a quite
natural way. The success of this scheme in explaining
the available experimental data suggests that the states
in these n-rich isotopes are actually generalized senior-
ity states rather than pure seniority ones, and points
towards a certain gap between i13/2 and the remaining
orbitals of the valence space. We also study the first ex-
cited 2+ states within the generalized seniority scheme.
This scheme also helps in predicting some spectroscopic
numbers near the nuclear limits. To validate the config-
uration prescribed by the generalized seniority and check
the role of SPE, particulalrly the tentatively assigned
i13/2 orbital energy, we present the results of the gener-
alized seniority guided LSSM calculations. These results
strongly point to a higher position of the i13/2 orbital at
1.2 MeV, which reproduces the measured values, both the
level energies and the transition probabilities quite well,
with a 25 keV reduction in the diagonal and non-diagonal
TBME of νf2
7/2. We conclude from these results that the
N = 82 magic number remains quite robust even in the
extreme n-rich region. We also obtain a partial gap at
N = 112, which is consistent with the generalized senior-
ity results.
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